Abstract
Introduction

The mesothelium consists of a monolayer of specialized cells known as mesothelial cells that line the peritoneal, pleural and pericardial cavities and most internal organs. Mesothelial cells are mesenchymal in origin but exhibit many characteristics of epithelial cells including a polygonal cell shape, expression of surface microvilli, epithelial cytokeratins and tight junctions
. [2] . During development, mesothelium lining the heart, liver and gut differentiate into endothelium and vascular smooth muscle through a process # These authors contributed equally to this work.
Increasing evidence suggests that mesothelial cells are not terminally differentiated and have the capacity to differentiate into cells of different phenotypes, leading to the concept that a population of progenitor-like mesothelial cells exist
comparable to epithelial-to-mesenchymal transition (EMT) [3] [4] [5] . Transforming growth factor ␤1 (TGF-␤1) stimulates adult mesothelial cells to adopt a myofibroblast phenotype in vitro [6] and explants of adult rat epicardial and mouse peritoneal mesothelium retain the ability to produce mesenchyme, including smooth muscle cells, in response to growth factors such as TGF-␤1 and platelet-derived growth factor [7, 8] . Recently it was demonstrated that transfection of the peritoneum and pleura of rats with an adenovirus expressing TGF-␤1 induced mesothelial cells to undergo EMT with subsequent fibrotic changes [9, 10] . EMT was also shown in peritoneal mesothelial cells obtained from the dialysis fluid effluent of patients undergoing continuous ambulatory peritoneal dialysis [11] .
Some serosal pathologies are reported to contain areas of mesenchymal differentiation including cases of pleural malignant mesothelioma (MM) with osseous and cartilaginous differentiation [12] [13] [14] . It is thought that variability in the histological subtypes of MM and indeed the mesenchymal elements (osseous and cartilaginous) may reflect the multipotential nature of the mesothelium and the ability of mesothelial cells to differentiate into cell lineages of the embryonic mesoderm from which they are derived [15] . Donna and Betta [15] 
introduced the term 'mesodermoma' to classify primary tumours of the serous surfaces by considering the embryological development of serous membranes as being derived from the multipotent mesoderm. The source of cells and mechanism responsible for the osseous and cartilaginous differentiation in MM and the dystrophic calcification in the peritoneum
Characterization of bone in malignant mesothelioma tumours
Sections of a human pleural MM biopsy were stained with haematoxylin and eosin for histology or von Kossa to identify areas of mineralized bone [16] , and reviewed independently by three pathologists. 
Isolation of mesothelial cells, bone marrowderived mesenchymal cell (BMMC) and adipocytes
Characterization of isolated mesothelial cells
Bone nodule formation and mineralization by rat mesothelial cells using a functional in vitro assay
We have previously shown that mesothelial cells in situ express the marker HBME-1 [17] . Freshly isolated mesothelial cells were sorted based on surface expression of the mesothelial cell marker HBME-1 ( Fig. 2A) (Fig. 4B) .
This finding was consistent in both total and HBME-1 ϩ sorted cells (Fig. 4B) (Fig. 5A, C) . However, BSP mRNA and protein was low in mesothelial cells throughout the study. In BMMC and mesothelial cells RUNX2 expression increased with time in culture (Fig. 5A) . Despite an overall increase in RUNX2 mRNA over time, the protein appeared to decrease (Fig. 5C, D (Fig. 5A ). 
Epithelial to mesenchymal cell transition during differentiation of mesothelial cells into osteoblast-like cells
To determine if OM-differentiated rat mesothelial cells undergo EMT, mRNA levels of the epithelial and mesothelial markers, cytokeratin 19 (CK19), E-cadherin, N-cadherin, ␣-smooth muscle actin (␣SMA), matrix metalloproteinase 28 (MMP28), s100A4 and SNAI1, were investigated by RT-PCR (Fig. 6). CK19, E-and N-cadherin mRNA were all detected at day 0 in unstimulated cells. CK19 expression was maintained up to day 18 in OM cultured cells but was down-regulated by day 26. E-cadherin expression was down-
Human mesothelial cells differentiate into osteoblast-like cells in vitro
The capacity for human mesothelial cells to differentiate into osteoblast-like cells was also examined. Cells were collected from the pericardial fluid of patients undergoing cardiac surgery. Approximately 24% of the total cell population were mesothelial cells, as determined by HBME-1 immunostaining, with the remainder of the cells consisting of monocytes/macrophages, lymphocytes and neutrophils (Fig. 7A, B). Mesothelial cells were enriched by cell culture and the phenotype confirmed by cytokeratin and vimentin immunostaining and TEM (data not shown). Mesothelial cells cultured in OM for up to 23 days demonstrated a similar pattern of mRNA and protein expression of RUNX2, SPARC, SPP1
and BSP as rat mesothelial cells (Fig. 7C-F over the incubation period (Fig. 7D) . RUNX2 protein levels did not increase over time consistent with rat cells (Fig. 7F) (Fig. 8C ).
Rat and human mesothelial cells differentiate into adipocyte-like cells in vitro
Pre-adipocytes characteristically contain lipid which can be detected using the stain oil red O. Lipid accumulation was detected in AM cultured rat mesothelial cells as early as day 6 and increased significantly by day 18 (Fig. 8A). In contrast to the extensive oil red O staining detected in rat mesothelial cell cultures cytoplasmic lipid was only detected in a small subset of AM-cultured human mesothelial cells (data not shown). Control mesothelial cells cultured in normal growth medium did not show lipid accumulation at any time-point examined (data not shown). Adipocytes are characterized by the expression of a number of protein markers which include; adipocyte fatty acid binding protein 4 (FABP4), lipoprotein lipase (LPL), CCAAT/enhancer binding protein ␣ (CEBP␣), adipocyte-specific peroxisome
Fig. 5 Rat mesothelial cells express osteoblast markers. (A) RT-PCR analysis of unsorted and HBME-1 ϩ rat mesothelial cells and BMMC cultured in standard medium or OM showing expression of osteoblast-associated genes; RUNX2, SPARC, SPP1 and BSP. (B) Real-time PCR showing expression of RUNX2 mRNA in unsorted and HBME-1 ϩ rat mesothelial cells cultured in OM up to 26 days. (C) Western blot of osteoblast phenotype markers in rat mesothelial cells and BMMC cultured in standard medium and OM. (D) Quantitative analysis of RUNX2 protein in OM stimulated
Discussion
There are over 20 reported cases of MM with osseous and/or cartilaginous differentiation in the literature [13, 21] and bone and cartilage have been observed in MM induced by intraperitoneal injection of asbestos fibres in rats [22] . Several cases of mesenteric heterotopic ossification (or osseous metaplasia) [23, 24] and cartilaginous differentiation have also been reported in the peritoneum associated with sclerosing peritonitis [25, 26] and cartilage has been seen in peritoneal tissue biopsies not associated with malignancy or sclerosing peritonitis [27] . [41] . Therefore, the ability of mesothelial cells to differentiate into adipocyte-like cells was also examined. Acquisition of the mature adipocyte phenotype includes morphological cell rounding [42, 43] , the accumulation of lipid-laden droplets in the cytoplasm and the induction of expression of adipocyte-specific genes [43] . Rat 
